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The complax bulk complignec {dybamie eompreasibility} of & commercial aample of

poly{vinyl acetabe), AYAT, was measured at fraguencies from 50 to 1,00

0 eyelea per gecond,

temperstures from O to 1MW) °C, and statie hydroatatic stressca from 0 to 981 bars (gage pras-
sure) using an alternating hydrostatic stress gemerated snd detected by piescelectrle trang-
dueers mountad in An esmentially noncompliant eavity with dimensiona small o comparisgn
to a wavelength. Tihe above temperature range was more than sufficient to gover the dle-
petelon rogion in Which an infleption in the storage complisnece and a maxlmam in the low
eomplinnee were observed. The deta wern reduesl to funetions of reduged varlables tsing
the WLF Eguationa extended to include atatic pressura with the “universal” WLF Constants

and ETidP=0.020 *C/ber. The difersnce in limiting

gompllance: st gero and inBoite

fm&ueuciea wea larger then that predicted from the dT/dF shift ysing the free volums ¢concept.
A disgussion ia presented on possible processes that might contribute to an excessive value

hetween limiting complianeea,
1. Introduction

The free volume concept [1]! has been used fre-
guently to explain the glass teansition of polyiners
and glass forming liquiﬁa To apply thizs concept
it 18 postulated that the necessary and eufficient
condition for s glass transition to occur in a polymer
is that the free velume fraction reach the critical
value necessary for continuously changing molecular
arrangements, which account for the physical be-
havior typicel of the liquid or rubbery state, This
critical value of free volume fraction has been as-
sumed t0 be independent of temperature and static
preseure for a given material and nearly independent
of the materjsl (as long as it will undergo a glass
transition under some conditions of atate),

Mepsuremnents of the dynsmic compraesibility
of vuleanized natural rubber-12 percent sulfur [2]
were interpreted in terms of this coneept, assuming
that the compressibility observed at frequencies
above (or temperatures below) the frequency-
dispersion region corresponded te the compresai-
: bility of the ocoupied volume alone, and that the
compressibility at frequencics below {or temperatures
above) the dispersion repion corresponded to the
compresaibility of the socupied plus the frae volume,
An extended WLF [1] equation including a linear
dependence of fren wolume fraction on static pres-
gure was used t¢ reduce these chservations to fune-
- tione of a single vamable, The “umiversal” WLF
constants were found adequate to reduce the results
At one atmosphere in terms of a single varable
includin% frequency nnd temperatura, The coef-
ficient of pressure in the iree volume fraction expres-
sion, evaluated empivically from the shifting of the
dispersion region due to pressure, agresd with the

! Flaures in brackeis Indicaie the literature reirences st tha snd of this paper,
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isothermal compressibility difference caleulated from
the adiabatic difference in compressibility above and
below the dispersion region.

For rubber-sulfur the shift in temperature with
statiec pressure at constant free volume, 0.024
°(/bar, was nearly the same as that found for several
other polymers investizated by different techniguea:
0.025 for polyiscbuiylene [3], 0.027 for polyethylene
(4], and 0.031 for polystyrene [5] hinting at the possi-
bility that these numbers might be a.ppmxima.tedll}:f;
g "‘universsl’’ constant as in the cage of the W
Universal Conatants.

Thea purpose of this work was to investigate the
effect of static pressure, temperature, and frequency
on the dynamic compressibility of poly(vinyl ace-
tate} in the vicinity of the glass transiticn in order
to check on & different polymeric system the applica-
hility of this free volume concept to explain the
effects of pressure on mechanical properties and to
avaluata t]l:e applicable constants.

2. Experimental Method

The dynamic bulk compliasnce ? measurements
were muds; with an apparatos deseribad in previcus
publications [6, 7]. In this method the ssmple is
contained, along with two PZT? ceramiec volmmne
expander transducers mounted en compliant copper
springs, within a cylindricel cavity anfliciently amall
to make the acoustic prassure hydrostatic. The
remaining air iz displacad with a pressurs trans-
mitting fimid [4i{2 ethyl hexyl} sebacate] whose
sdiabatic compreesibility is known from previous
PVT and heat capacity messurernents, An a-c

! Complianes here 18 equivsleot Lo compreagibility In the neual scoaske us
mtmu%%a Lhe rw.;]um&n.dulnm of the Committes o0 Nomenclaiore of
v il Ehimogy [R].
A aclid sulu.lhnoc[l.qnd Litmtate gl zirconium titanete anppliod by the Clewite
Eesgarch Laboratary, Cleveland, Chio,



voltage 15 applied to one transducer and a corre-
sponding signal is observed on the othar. From the
complex voltage ratio the complax bulk complisnecs
may be calenlated. The temperature is controlled
by immersing the entirs assemll?;ly in a thermostated
bath and any desired static pressure in the range of
0 to 1,000 bars (gage pressure) may be superimposad
upon: the dynswnic pressure uzing & hand operated
ump.

P The calibration procedurc and the dynamie bulk
compliance determinations on poly({vinyl aeetate]}
were suniler to usad on mubber sulfur [2].
All runa were made along an isohar with incrensin
temperature and the system was permitted to reac
thermal equilibrium  before cach reading was
recorded.

It is trequired that the specific volume of the
sample bfﬂmown as a function of temperature and
pressure in order to calculate its dynamic bulk
compliance from the tronsducer equations. Alsg
such data yield useful information including the
thermsl expansivity, the izothermal mmpreasigilityf
the glass transition temperature and its shift with
pressure, all of which are useful in evaluating the
paramneters for a reduced variable formulation,

Tha specific volume of this snmple of poly(vinyl
acetate) was determined by using a glass dilatometer
with mercury a8 a confining liquid. This was
placed n & pressure coll with glass windows to view
the height of the mercury column. The cell in
turn was placed in a liquid thermostat, The pres-
sure waa limited to 500 bars to prevent collapee of
the glass windows,

3. Samples

The poly(vinyl acetate] supplied through the
couriesy ofy . M. Powell of the Bakelite Company
was a commercial sample designated AYAT for
whieh the intrineie viscosity in cyclohexanona at

20 °C was given ps 0.69 dlfg. The polymer was
received in the form of small pellete averaging about
0.8 ¢m in diwneter. These ware molded at ahout

10 “C into disks 1.5 cmt in diameter and 3 mm
thick. In order to determine if there ware an
pignificant swelling in the pressure transmitting ol
[d%?ﬂ cthyl hexyl) eebacate], one of the disks was
placed in the oil and weighed at approximately
weekly intervale for six weeka, All of 51& weighings
agreed within 2 parts in 10* indicating no significant
ewelling which could influence the bulk complisnce
determinations. In addition, the disk used in the
bulk compliance determinstions was weighed at
frequent intervals to check for nny effect of pressure
on the swelling rate. Again the weighings agreed to
witlin 2 parts in 10%

4. Resulis
4.1. Spacific Volume Measurements

The specific volume, V,, of F¥Ac a3 s funection
of temperature at several static pressures is shown
on fizure 1. All of the obscrvations were taken
along an isobar for cach of the four ryns.  Measure-
ments in the liquid region were independent of the
direction of temperaturs change and reached aqui-
librium in about 15 min, which B ahout the time for
the apparatus to reach equilibrium, In the plassy
region about 1 hr was required to obtain apparent
equilibrium * for esch observation at constant
preseure. It was found that the most reproducible
meaparementy could be taken by commencing at
some temperature above the transition region and
then decreasing the temperature ot constant pres-
sure, allowing sufficient time to reach apparent
equijihrium for each observation.

+ Thw ot iterion adopted was thagt no Irthey ehangs 0 volome conld be obeer wed
over & period af 1 he within ibe precdslon of the ecperiment,
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Fiaure 1. Bpeeific volume of PV Ae plotled againsl lemperaiure af several preastres.
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The dashed lines with positive slopes are extrap-
olated values of ¥V, the specific volune established
from volume-temperature relations in the liquid
atate, and V,, established from volume-temperators
relations in the glassy state, V, and V, were ob-
tained by a least aquueres fit on the data, linear in
T and gquadratic in P, treating the liquid and plassy
regions seperately and igmoring the data in the
transition region. The glass tratsition temperature,
T, was obtained from the intersections of the
extrapolations of ¥V, and ¥, and was found to be
17 °C at 1 atim (P=0) and wary with pressure at o
rate of about 0.02¢ “C/har, as indiculed by the
dashed line with negative slope. As seeins charae-
teristic of pol}f{vinejgl acetate), the glass transition
temperature is poorly defined, since the thermal
expansivit; clmn%&a rarkedly over a temperature
rangs of about 157

We had originally thought that cur sample was a
pure polymer, free of contaminant or very low
molecular weight components; however, the value of
T, detrerminerf from this experiment iz low in cem-
patison with the generally accepted values of 25 to
32 °C. 'The low value obtained here may be partly
atiributed to the longer than usual times permitted
for the specific volune observations to a,;i]pruach
apparent equilibrium. On the other hand heating
the sample in a vacuum at 70 °C for one week
resulted in a loss of weight amounting to almosf 2
percent. ‘The presence of contaminant could lower
the wvalue of ]}', and therefore contribute to the
lower than usual value observed; thus, the data
from our sample do not apply to pure PYAc, but to
a sample with a small amount of contaminant.
Thiz uncertainty does not, of course, affect the
vahdity of our results o far as our primary purpose
is concerned,

Twoe additional thermodynamic gquantities that
are sometimes useful in evalvating some of the
reduced variable parameters are the 1sobaric thermal
expansivity,

=1 EE)
“EVART/,
and the isothermal compressibility,
1a
o~ (33);

The related reduced variable parameters are sul[l)‘;
posed to be the differences in the values of & and ¢

valnes of 8 between the liquid and glassy states.
Table 1 gives the thermal expansivities for the

liquid stata,
_1 (v,
{I;—V‘ bT PI‘
for the glassy stata,
_1 ov
vy \oT /),

and the difference, Ae, evaluated at T'=T, for each
observed pressura.

The comnpressibility, 8, waa difficult to determine
due to the lack of data at different pressures, in
parlicular those ahove 500 bars; hence, any at-
tempted evalyation to obtain the desired difference,
A#, will be too uncertain to have any merit.

Tagre 1. Therimal expaneivittes of FVAc for the fHguid ond
plasey simdes evafualed af T=T, for each observed mresaure

o Ta | eI | AaldI0
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Valuea of T at pressures higher than 490 bars
required for dynamic compressibility determinations
{736 and 981 bars) were evaluatad by linear extra-
polation using siopes determined from walues at
245 and 490 bmes.  Although the dependence of
¥, on P i3 not exactly known at the higher pressures
thiz procedure & legitimsate because of the ama
change in V, with P. For ezample, an emnor in the
slope of 10 percent will only produce a 0.2 percent
error in Vy, which is smaller than other uncertainties
inveolved.

4.2, Dynamic Bulk Compliance Measymements

Figure 2 shows the storage compliance, B, at
1000 cfa as a function of temperature at different
ptatic pressures. At the higher pressures the data
for somne of the rung appear to be biased. That is,
all of the values at one pressure appear to be in
error by nearly a constant amount over a large
temperaturc range. For oxample, the lower four
curves were n at equal pressure Iintervals;
however, the complinnce values, especially at high
temperatures, do not decrease in & smooth fashion
with preesure as would be expected. In particular
the gap between the 490 and 736 bar curves appears
to ba excessive. This effect is attributed to varia-
tions in transducer response between the sample
and calibration runs. The larger the temperatore
and pressure tanges that are covered, the less
repmguﬂib]c the measurements become, presumably
hecnuse of irreversible changes in domain configure-
tion within the transducers. For an isothermal run
at 00 “C the response of B’ with pressure was much
smocther and, in particular, the excessive gap
hetween the values of B at 490 and 7348 bars shown
in fipure 2 was hot apparent.

Figure 3 shows the corresponding los= compliance.
The temperatures for maximum 5/ appear nearly
the zame as those for the inflections in B in fipure 2.
For n single retardation thne, or a symmetrical
diztribution of retardation times, these points appear
gt the same frequency when pluttetf against log
fraquency and would appear at the same fernperature
when these functicns are plotted againet tempers-
ture, exeept that there are alight displacements from
the variation of AH, the difference bhetween low and
high frequency limiting compliances, with tempera-
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ture. For an unsymmetrical distribution it can be
shown [9] that the following ioequslities hold, where
roax 18 the time corresponding to the maximum of
bulk retsrdation spectrom L,(ln r} defined by the

relation,
*=J'_" L0 1) (g 210 7+ B,

w’ iz the angular frequency {w—=2x+) of theinfection
of B’ versus Inew, and «** 15 the frequency of max B'':

ﬁ.."’ I}MI:}__]'___

Tmpx
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if L.(In r} falls off more rapidly for +2>ry,, than for
T sy, BOC

mrf{-:mr{;__];__

mnaE

if Loln ) falls off more rapidly for +<7ry., than for
L

The storege complinnes at different frequencies for
threa different atatic pressures js shown mn figure 4.
The data at 1,000 cfs are identical to that shown in

ure 2 under the same conditions. Scatier is
higher nt the lower frequencies, mostly because of &
characteristic 1y noise |10]. The data at »=50 and
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P={ were omitted entirely because of excessive
Beattar.

The corresponding loss complignce Js given in
figure 5. The maximum values of B at constant
pressure generally increase alightly with frequency,
which is consistent with the reduced variable for-
mulation discussed in seetion 5. On the other hand
the value of B, at +=1000 and P=0 15 sbout
25 percent greater than we would expect from
extrapolating velues at lower frequencies using tha
raduced wariable formulation. A hint of this be-
havior is seen in figure 3 for P=%3% bars also.
Whether this behavior is resl or an artifact of the
experiment cannot be determined from these
measuraments.

5. Reduced Variables

The redueed wvariable formulation developed for
the analysis of our earlier rubber-sulfur dats [2] was
used. ly]lﬂ thiz treatment the complex bulk com-
pliance,

BT P, w}=B_ (T, L AB(T, )3T, P, u} {1}

ie mssumed to consist of twoe parts. Tha first,
B (T, P}, is the adiabatic compliance,

L (ﬂ) _ﬁ(&
VA\dP/s oP /'
at infinite frequency. The sacond iz the difference
between the adiabatic compliances, BT, P} at
w=0and B_ (T, ) at w=o, times & com nor-
malized disperson funetion 2 * (T, P, w}, which goes
to unity st o0 and zero 2s g—w.

Assuming that FNT', P, o =FNT, P, o)
fequivalent to an invarient normalized retardation
spectrum) when the data are shifted aleng a tem-
perature, pressure, or frequency axiz, the final
gquation used to reduce the observed compliances to
functions of reduced variables becomas
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Ficure 5. Loss complicaee plolted aocinst {emperalure of
gereral pressurcs and frequenciea.

BMT*, P, u')=B.(T", P

&B(T'ff"} [ ] —
+W[R (T, P, )—B (T, P &)

in which the primes designate either reduced vari-
ableg or reference conditions. In & reduced variable



prezentytionm only one of the independent variables is
varied while the others are hefd constant at the
arbitrary reference conditiens. B, and 5. are
avaluated empirieally from the data in regions where
frequency dispersion ig insignificant.

he independent Vﬂl‘i&bﬁ?ﬂ arg reduced following
the procedure of Wilhams, Landel, and F. {11 1n
the develofpment of the WLF Egquation with the
addition of & linear pressure term in the expression
for free volume fraction,

T, Py=fitadT—Ty) -8

(TzTyor PEP,), (3}
where Ty is T, at P=0 anl P, iz the glass transition
presaure, which may be defined wa the break in the
volume-pressure curve allowing swihicient time for
significant. variations to disappear. Frequeney and
viscosity are related by

w’ =wy{T, Pys (T, P}, {4)
and viscosity and free volume fraction by
n=24A exp 1/f. {5)

The viscosity used here is the steady flow shear
viecosity. Omne can either sssume explicitly that the
retardation times determining hulk retardations are
the sama ss those invelved in shear motions or can
look on these relations as defining a separate set of
relations for bulk deformations, of the pame form
us those for shear, evaluating the constants empiri-
cally. The limited experimental information avail-
able seems to support the hypothesis that the
retardotion lirnes goverping dilatation are the same sa
those governing shear, except for the complications
which may enter in due to the change in volume
during the course of & given measurement [11]. In
ogr case the alterngting wolume chanpes are too
emall t¢ introduce any deiectable effect of this type.

Equations {3), (4), and (5) are the basic equations
necessary to develop the desived relations betwsen
the independent wvariables. Egusation 1{3] written in
terms of & viscosity at the arhitrary reference condi-
tions, T} and =0 {1 atm), 1=

n(T, Py=4(T%, 0) exp [}—} : ©

where f, is the free volume fraction at the reference
conditiwons, Substituting frequencies for viscosities
m eq () by utilizing eq (4) with o' =w,, the reduced
frequency at the reference conditions, the ratio of
corresponding frequencies is

e

Writing eq (7) 1o logarithomie form and using eq (3)
to ohtain explicit temperature dependence for f and
£, the final aquation for the reduced fraquency in
texme of the reduced variahle parameters, the oh-

(7)

i8

Berved indelfnendant variables, T, P, and w, and the
arbitrary reference conditiona, ¥ and Py=10, becomes

a(T—Ty)—8,P _
[f. '|'ﬂ!,r'[T- Txﬂ} ‘—.B;PJU: “Jl'ﬂ_r(Tn" T.._-u]l

(2}

This reduces to the WLF Equation, if T, is taken as
T, and P eet equal to zero, for which the *“universal”
nﬁ%ns{tants correspond to f,=0.025 and «,=4.83<10°*
In a similsr fashion the following equivalent ex-
ressions are found for a reduced temperature at
|]=ﬂ and [

In w,=]n o

_p_Brp 1 el —Tw) —BLF 0 {wjw)
=T Pt T T T2 AP h (wg)’
{9)
and & reduced pressura at T, and wy,
P p_Ty— L
P=P g, (r—T, g,
UetadT =T — BT In {agfea) (10)

1 -[J'r:‘l‘ﬂ.r{T_Tw} —8 L1 In (wnfer)

In this formulation the free volume fraction, f,
is in effect un empirical function of temperatura
and pressure. It is a free volume fraction related
to the difference between 17;, the actual volume in
the Hquid region, and ¥, the volume obtnined by
linear extrapolation of the volume-temperafure
relation established in the pglassy region. «, i
generally equal, or very close, to Aw, the difference
in isobaric thermsl expansivities above and below
T, If this is assumed,

o) ) ), oo

An gnalopons definition of 2,

In ¥
aT

p=—( 2 (12)

involves the slopes of the ispthermal volume-pressure
curves below and above the glaes transition pres-
sure, P,. A free volume fraction defined 1n =
manner congistent with thesa definitions would be

F=FetIn (ViV} {13)

The logarithm of a variable may be expanded
in two forms:

Jn z=3" (— 1)t @ 0<x <2
e
and . .
=5 2y



Reprezenting the logarithm by the first term of the

first expansion in 2q (13) yields
Vi—V,

=1+ v, (14)
and by the first term of the seecond expansion,

_ V=Y

f_fl‘l' V‘ (15}

The latter iz the usual definition of the free velume
fraction.

It turns out that {1,— 1V }/V, is a better approxi-
mation to In {V/ V) for V/V,<1 and (V,— V1V,
for V/V,>1. Since VT, iz greater than one al
temperatures above T, (V,— V[V, iz the better
approditmation to In {VV,). This justifiea the
cEaice. of eq {15) rather than eq {14} &s the appro-
priate approximation to the free wolume frastion
consistent with the definitione of oy and 8, given by
eqe {11 and (12).

6. Evaluation of the Beduced Variakle
Parameters

6.1, Limiting Compliances

The limiting compliances werc evaluated as
bilinear pelynomials in T and P from o lenst square
fit to the data at temperatures above and below
the dispersion region, treating each repion separately.
Only tﬁm L,000 cfs dats were used because the
contain the least experimental scatter. Using this
Emcedure‘ the limiting compliances in reciprocal

ara are given empirically as:

By(T,P)X10°=2.019+1.005 10T

—0.950 X 10*P—1.011 X 10-*TP, (16)
B (T, P 10+ =1.8654-0.836 1072

—0433 X103 P =088 107 TF, {17}
with the difference,
AB(T, P)X10°=1.0541.060 K 10-*T

— 051710 P—0.326 % 105 TP  (18)

in which T is in enits of °C and F in bars,

AR cannot bo measured directly due to the limited
frequency range of the apparatus, henee it always
involves an exirapolation of either 8, or B., and
sometimes both. I?he assnption here is that egs
{16) to (18) are valid at sll tcinperatures and pres-
sures within the experimenial range, although By
was determined from dete at temperaturss above
t.l:la dispersion region and B, at temperatures
helow.
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B.2. Temperature-Frequency Relations

The vanpe of frequencies covered in thess measure-
ments 8 too emall to permit an accurate evaluation
of the constants, f, and a; porticularly since the
coleulnted shifte are rather insensitive 0 the exact
values of these conslants used in the WLF Equation,
Our value of Ax at 1 atin is 4.5 107, in good agree-
ment with the value of 4.6>(10~* reported by Clash
and Rynkiewicz [12]. Ferry (13] finds o,=5.9> 10"
and 7,=0.028 for poly{vinyl ncetntc), based on the
temperature-frequency shifts required to reduce
dynamic measurements. The difference between the
values of o, and As may be partly due to the fact
that both are averages of a poth. «, i6 an average
value which gives good shifting factors for tem-
peraturcs above T, whereas Az i3 an average ob-
tained by approximating two curves, one above and
one below T, by straight lines,

For convenient reduction of cur dats we peed a
gingle set of constants for use over our whole tem-
perature and pressure ranges.  Ferry's o 5.0107)
times the ratio of our An values ab 490 bars (our
medign pressare) and 1 atm (for which pressars
Ferry's e, was found) gives 4.8 107 for ihe value
of o, at 490 bars. Since this corresponds to the
“universel” value of &, it and the corresponding
value for f,=0.025 were used in reducing our gat.a,

6.3. Evaluation of (a T/2P},

faTiaFP), may be determined from the shift of
characteristic temperatures (for constant $#'*) at
conatant frequency. If the actual frequency range
were sufficient, thiz could be cvalunted directly by
chserving the ratio AT/AFP necessary to maintain
B... at constant frequency on the loss compliancs-
frequency plot. The equivalent shift when H* is
plotted against temperature iz tha shift of the
characteristic temperaluve, T, with pressure at
which the following relation (2) is satisfied:

1 2B 1 B

B aT aAb aT

This is nearly the shifi of the temperature of maxi-

mum B versus temperature with pressure. The

value of (2T/dP), obtained from the shift of the

maximum vauslly agrees within 3 or 4 percent with
that from aq (19).

Uszing the criterin of eq (19} on the curves of
figure 3, the charvacterislic temperature, T), is
nearly linear with pressore; however, the slope
appears to increase slightly with pressure. A leasst
squares fit of T7 on E using all of the curves of
ficure 3 yields {(&T/0F} ,=0.024 *°C/bar, which is the
game ns that found for rubber-salfur using the same
criteria. Neglecting the 81 bar curve yields 0.021,
which is nesrly in agreement with 0.020 which
produced the hest fit on the reduced wariable plots
and is consequently used throughout the ireatment
of these data. It may be that 981 bars is to¢ large
for the linear dependence of free volume fraction
on pressure assumed in eg (3). In recent work by

{19)



O'Reilly [14], {27/0P); was found to be 0.021 from
P measurements and 0.022 from dielectric
meagaurements (i.e., 0.06 to 10 ke/s),

ar and 5, are in reasonable agreement with Ag
end AS for many polymers. Differentiation of eq {3)
at constant free voluine fraction yields

(DTAF) ;=B fuy, (20)

which should correspond to Af/Ae. The data of
figure 1 are not sufficiently reliable to establish Ag
as a function of pressure; however, AB should be
equivalent except that it iz asawmined i¢ be adiahatic.
Table 2 is included to illustrate that although AR
and Aa vary with pressure, the ratio, AB/Aa, i
pnearly ¢onsitant when AB and Aa are evaluated at
temperatures that shift with pressure at a rate of

(0T/aF}, This ratic does, however, appear to
incresse alizghtly with pressure, which is m agree-
ment with the shght increase in 871/8F with pressure.

The obvieus distinction between the values of
ABfAg in table 2 and (2T70P) ,=0.020 will be die-
guesed in section 3.

Tagre 2. AB a2 Ty, Ac at T,, ond ABfAs ol vgrious modic

7. Reduced Variable Presentation

The ifollowing presentation includes the reduced
data plotted as a function of reduced frequeney,
reduced temperature, and reduced pressure. The
constants uzed were the WLF Universal Constants
given in section 5 and g,/a,=0.020 bars™. All threa
representations are equivalent because @* is held
conzstent for each shift. They are all included,
however, to llustrate the effect of varying each
independent variable (T, P, or «) while the others
are hold at the reference conditions.

Tha simplest reduced wariables presentation is a
reduced frequency plot referenced to =50 °C and
P=0 shown on ro 6. This is the only presenta-
tion in which the hmiting compliances are constants.
In fizure 6 a distinet set of values of B may be
observed on the right which are ahout 5 percent
above B, These values sre taken at dpiﬁerant.
frequencies but sll at 981 bars, wineh suggesta that
at 981 bars the linear dependence of B, on pressure
ia no longer valid. This distinction may slso be
chserved 1o the other reduced variable plots pre-
sented later. About eight decades are required to
cover the dispersion region with a maximom
n-::l'm.% values for a =ingle

vt 2 decades and

prone — | #"=0.19. The core
F ) Ty | aB{ToxmE | ac(Txim rﬂﬂ{mmﬂm retardation time would be a
A nex would be 0.5,

_ Ben |0 | € Ba e o The reduced temperature plot referenced to
:ﬁ::“" . E '.E i% i"ﬁ of% p==1000 ¢/s and P=0 is shuwnE:In figure 7. This is
S a1 2 L3 2.62 'ig7 | the most realistic presentation for our data hecansze
o ssnnnnes LA - it invelves the least shifting.
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and »=1,000 c¢/s ia shewn on figure 3. This 16 not
a realistic presentation in tertng of actual pressure
hecauge of the excestive linear extrapolation of the
limiting eompliances, but doea o§er interesting
sygeeations ag to the effect of statie pressure of the
dispersion. Several artifacts appear in this pres
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entation, one being the exstence of a negative
pressure, which could be avoided by choosing Ty
aufficiently high. Also, the limiting ecmpliances
intersect at about 2,300 bars. This again may be
due to excessive extrapolation, but does indicate the
pussible convergence of the limiting compliances at



8 finite pressure. This would be equivalent to a
comnplete collapae of frec volume {(at least f to 7, at
finite pressure above which frequency dispersion
wonld not be obeerved.

8. Further Discussion

. = _An implication of this free volume concept ia that
- -the-- difference between low and high frequency
limiting compliances should be consistent with the
horizontal shift of mrrespundjnglupuints, with static
pressure, along & tempernture plot at constant fre-
quency. That is, the difference between limiting
compliances, A, should be equal to 7, evaluate
from the horizontal shift

{@TOP) =R fay (20)

except that AP is assumed to be adiabatic and 3,
igothermal. Althﬂu.%h the ohserved compliances
involve the ratio of alternating volume to alter-
pating pressure, {&F0F), is a quesi-static phe-
nomenon becanse it 13 evaluated from essentially
an equilibrium temperature-pressure relationship,
Since we have found coly an average value for g,
wa should compare thia with our evaluated at
our median pressure, 490 barg, for which I3 at 1,000
¢fe is 60 °C. Suobstituting these conditions in eq
(18) gives AR(60,400)=1.35%10 bars~t. The
conversion of this to the comresponding isotherimal
value may be approximated by the addition of the
term 6V, [15] whera # is the absolute tempera-
ture and C, is the specific heat at constant pressure,
to each of B, and B, before the difference iz taken
to obtain AB. Specific heat data for PVAe appar-
ently do oot exist in the literature for pressures
other then 1| atm; however, reference 16 gives 7,
aver o temperature range feom 20 to 50 °C at 1 atm
for saveral different rates of heating, Extrapolating
lireiting heat capacities at slow and fast rutes yields
0432 and 0.32 calie *C, respeciively. Although
these values were oot taken at 490 bars, they are
considered to be eufficiently reliable to obtain the
degired conversion, especially since of js the domi-
nant quantity. Since &, and s, change little with
temperaiure, the values a;=5.65 107" and o,=2.03
X107 7Y taken from table 1 are eatisfactory.
The obeerved value of V,=084 em?fz at 60 °C and
490 bars taken from figure 1 was usﬁﬁ m both cases
becanse the time averape of the specific volome
during sinusoidal deformation is appropriate in this
connection, Using these values gives for the con-
wvergione, 38,=4.95 % 10" and §B ., =7.610~7. The
difference between these added to AR=135%10-*
gives 1.773107% for the corresponding izothermmal
valua, The value of 8, ca.lcu]l;,t.ed from eq {20}
using (TP =0.020 °"Ci{har and o,=4.8X10~
SC (490 bars} iz 0.96107%, which is even smaller
then the adighatic value, AF,

On the other hand, there was close agreement
between #; and the isothermal value corresponding
to AR for wvuleanmized patural rubber-12 percent
sulfur data [2]Inuslng pearly the same criteria for
COMpPATiS0N. this ecase S, and the ispthernal

value corresponding to AR were 1151077 and
L 121310 bars™, raspactively.

- Another distinetion, which is probably related to

that above, between PVAc and the rubbersulfur s

the proportion of the comnpliance of the fres volume”
WB to the total ziven by the ratio AB/R, For

Ac this was found to be().41 compared to 0.25 for the
rabhbersulfur, both evaluated at 7,425 °C and =0,

Although the presence of small amounts of
impurities mentioned in secticn 4.1 influensed the
value of the apparent plass transition temperature
and possibly the magnitudae of the bulk compliances
te & s]i?;ht axtent, it 15 unlikely that the applicability
of the free volume concept is strictly limited to very
pure polymetic systems. It is conceivable, however,
that the excessive value of AR in PVAC resylts from
additional relaxation processes not present in the
rubber-sulfur. For example, with scine amorphous
polymers, in addition to t-EB alpha process involvin
changes in configuration of the polymer backbone an
therefore associnted with the plase transition, con-
tributions to mechanical and dielectric response may
result from & beta procesa involving rotation of side
Erﬂups along the chein. For polymers that exhibit a

eta process the corresponding disperzion region will
occur at n lower temperature than that for the alpha
process, At low frequencies the two regions of a
temperature plot are uzually very distinet; howewar,
the different activation energiea for the two processes
are such that these regions merge at high frequencies
and resolutien becomes obscured. Since (DT/OP),
is & quasi-zstatic phenomenon, one might expeet that
it would not depend upon the beta process, which
wopld appeat unfrozen over our entire axperumental
range ab the long transient timea involved, whereas
hoth dispersion regions might contribute to AR
hacausa of the possibility of these regions merping at
the much shorter time seales {corresponding to
1/ of the alternating pressure.

With PVAe tha beta process involvea the rotation
of the acetate group about the oxygen bond,  Dielec-
tric data of Veselovskii and 51 ¢ [17] on PV Ae
ghow vory distinet loss pesks near 1,000 cfs on a
temperature Ig]ot for the alpha and beta process at
60 and —&0 *C, reapectively. These p do not
ﬁpaar to merge until well into the megacycle region,

ops date are fairly consistent with the recent
dielectric daia of Hikichi and Furichi [15] which give
the mrrmyuudju temperatura for the beta process
at —55 % and a constant apperent aetivation
el of 10 keal/mole. Based on this evidence it
“’ﬂellltﬁv be inconsistent to attribute the exceasive
wvalue of AR to a contribytion resulting from an over-
lapping beta dispersion region obecured by the alpha
process.  Agide from the observation that the dis-
persion regions from the two processes do not merge
uniil within the megacyele region, the bota process is
unfrozen over the entive prassure, temperature, and
frequency range of ocur experiment; therclore, its
effect should not be observed here except, possibly,
in & more complicated fashion than anticipated.

The duta of Wada, Hirose, Asano, and Fulutomi
[19] suggzest a more probable interpretation of this

anomaly. Two breaks werc observed in their
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volume-temperature curves for PY¥Ae; one, the alpha
oF glass transition occurring at 28 “C and a secondary
transition at 3 °C. Our volume-temperature data -
did not reveal the lower bireak, but it is possible that
.we did not go to low enough temperatures to include
a low temperature change in slope. Wada and
coworkers suggest that the Jow temperature transi-
tion iz due to a sufficient lopsening of free volume to
permit rotation of chain ends. Many doubt the
validity of such appareni breaks in voﬂ;me-tﬂmpep
ature curves at temperatures below T, becanse of
uncertainties resulting from the extremefy long times
required for the physical crbies to reach equilib-
riu; however, even if this bresk 15 aot real or com-
pletely separate from the one at 7, the interpretation
of Wada and coworkers may be justified becanse of
the large temperature tange of the glass transition
ion observed for FVAc,
sde and coworkers have mubstantiated the
existence of the low temperature transitien hy ob-
serving discontinuities in the complex shear modulus
at 33 kefs for hoth the 3 and 28 *C transition.
Phiscontinuities in the temperature coefficients of the
velocity of sound, dynamnic storage moduli, and
dynamic storage compliences are often observed
with polymers at T, These discontinuities, as
pointed out by Work fﬂﬂ], are manifestations of the
sudden change of thermal expansivity with temper-
ature at ¥, This behavier was, of c¢ourse, not
obszerved at T, in our data becsm=e such a break

would be obecured by the dispersion region. Higher
frequencies sre necessary to shift the dispersion
region on & temperature plot far enough from 7,

to obeerve such discontinuities in the slope of the
ELOTage cmnplianue-temﬁemture eurve.  For a mora
realistic reduced wvariable formulstion B, at tein-
peratures ahove T, should be evaluated from data
at temperatures above T, and hkelow the dispersion
region. Unfortunately this evaluation is not possible
with our data for the reason mentioned above.
Tlitrasonie data on }];glpnara and associated liquids
[21] indicate that ihe slope of the compressihlity-
temperature curve increases alightly at T, with
inerenging temperatures. The corresponding AB
would then be maore in agreement with 8, evaluated
from (3Tf0F),; however, since this correction was
not necesyary to obtan agreement for enbber-sulfur,
it would undoubtedly not?ﬁe large enough to elitminate
the lack of agreement for Pﬁc.

On the besis of volume-temperature data for
FVAc, which show the temperature vange of the
transition region so large that wore than ono rate
gmcess may be involved, it is conceivable that the

isperzion region of the dynamiec data is also compli-
cated with additional mechanisme which could
regult in the large difference between limiting
eompliances as observed here.

The presence of additional dispersion mechanisms
might appear to impose a serious limitation on the
reduced variable treatment applied here hoecause of
the possibility of different  aclivation encrgies
agaociated with two or more processes. The as-
sumption in our treatment is that ##* is associated
with only one type of rate process, namely the

alpha process, although many discrete retardation
times may be invelved. However, since many of
the reduced voriable .parameters are evaluated
empirically from the data and contributions from
the additional processez are probably small, thea
treatment applied here is p‘l‘ﬂba-ﬁlj" legitimate within
the experimental error ss apparent fromn a Teasonable
fit of gata in the rediuced plots.

After completion of the rubber-sulfur werk, it
way falt thet the free wolume concapt and corre-
sponding reduced variable treatment epplied -here
was adequate to explain the dynamie compressibilit
behavior of polymers aad 'bl:l,' 30INE ASROCIALY
liguids. Now thst the poly{vinyl acetate) work is
complete it is apparent that the reduced varable
treatment needs certain refinements to nake the
parameters appsaring in the formulation conelatent
with corresponding phyzical constants as postulated
by theory. It is planned to continue this work on
other systems in order to postulate a better model or
make the necessary refinements on our present
concepts,

The suthors are indebted to R. 5. Marvin and
H. Leaderman for suggestions in dprap&rﬂtiun of the
manuseript, to Fred Quinn and Gordon Martin
for suggestions and technical assistance in statie
PVT messyrements, and to Miss Mary C. Danne-
miller for coding the equations for computer
caleulation.
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